ABSTRACT Ca
INTRODuCTION
Water stress, including drought and salinity, is one of the most important environmental factors that affect plant growth and development, and limit crop production. Plants can respond and adapt to water stress by perceiving the stimulus, generating and transmitting the signals, and initiating various defense mechanisms. The plant hormone abscisic acid (ABA) is the central regulator of water stress resistance in plants, and coordinates a complex regulatory network enabling plants to cope with decreased water availability (Cutler et al., 2010; Hubbard et al., 2010; Joshi-Saha et al., 2011) . Under drought or salinity stress conditions, plants accumulate increased amounts of ABA, which stimulate stomatal closure, changes in gene expression, the accumulation of osmo-compatible solutes, and the up-regulation of antioxidant defense systems, thus increasing the plant's capacity to cope with stress conditions (Seki et al., 2007; Cutler et al., 2010; Hubbard et al., 2010; Joshi-Saha et al., 2011) .
It has been documented that calcium (Ca 2+ ), reactive oxygen species (ROS), and nitric oxide (NO) are important signal molecules of ABA signaling in plant cells (Cho et al., 2009) . Cytosolic Ca 2+ is a universal second messenger and acts as a mediator of stimulus-response coupling in the regulation of plant growth, development, and responses to environmental stresses. Various stimuli, such as cold, heat shock, salinity, drought, mechanical disturbances, ABA, hydrogen peroxide (H 2 O 2 ), and pathogen elicitors, trigger changes in the cytosolic Ca 2+ concentration (Yang and Poovaiah, 2003; Zhang and Lu, 2003; Lecourieux et al., 2006; DeFalco et al., 2010 (Yang and Poovaiah, 2003; Zhang and Lu, 2003; Harper et al., 2004; Kim et al., 2009; DeFalco et al., 2010) . These Ca 2+ sensors function to regulate diverse downstream targets, which result in various physiological responses (Kim et al., 2009; DeFalco et al., 2010) .
CCaMK is thought to be a decoder of Ca 2+ spiking, on the basis of its domain structure, which is composed of a serine/ threonine kinase domain, a calmodulin (CaM) binding domain, and three EF-hand motifs that potentially trap Ca 2+ ions (Levy et al., 2004; Yang et al., 2007; DeFalco et al., 2010; Hayashi et al., 2010) . CCaMKs have been isolated from lily, tobacco, maize, rice, wheat, Lotus japonicus, Medicago trunculata, and Sesbania rostrata (Yang and Poovaiah, 2003; Zhang and Lu, 2003; Harper et al., 2004; Levy et al., 2004; Mitra et al., 2004; Godfroy et al., 2006; Tirichine et al., 2006; Chen et al., 2007; Capoen et al., 2009; DeFalco et al., 2010; Hayashi et al., 2010; Yang et al., 2011) . However, no CCaMK has been identified in the Arabidopsis thaliana genome (Harper et al., 2004; DeFalco et al., 2010) . In Medicago trunculata and Lotus japonicus, CCaMK (termed MtDMI3 and LjCCaMK, respectively) is a component of the common symbiosis genes that are required for both root nodule (RN) and arbuscular mycorrhiza (AM) symbioses (Levy et al., 2004; Mitra et al., 2004; Tirichine et al., 2006; Messinese et al., 2007; Yano et al., 2008; Hayashi et al., 2010) . In rice, CCaMK (OsDMI3) is not only required for AM symbiosis, but also is able to rescue MtDMI3 knockouts, indicating an equivalent role of MtDMI3 orthologs in non-legumes (Godfroy et al., 2006; Chen et al., 2007) . In addition, the preferential expression of CCaMK in developing anthers and root tips (Patil et al., 1995; Poovaiah et al., 1999) suggested that CCaMK may play a role in mitosis and meiosis (Yang and Poovaiah, 2003) . A recent study showed that the wheat CCaMK gene, TaCCaMK, was down-regulated by ABA, NaCl, and PEG treatments in wheat seedlings roots (Yang et al., 2011) . The overexpression of TaCCaMK in Arabidopsis reduced ABA sensitivity of Arabidopsis during seed germination and seedling growth. These results suggest that TaCCaMK is a negative regulator for ABA signaling involved in abiotic stress responses in wheat.
Previous studies showed that Ca 2+ /CaM is required for ABA-induced antioxidant defense, including the up-regulation in the expression and the activities of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR), and the crosstalk between Ca 2+ /CaM and H 2 O 2 and NO plays a pivotal role in the ABA signaling in leaves of maize seedlings (Jiang and Zhang, 2003; Hu et al., 2007; Sang et al., 2008) . In animal cells, Ca 2+ /CaM-dependent protein kinases (CaMKs) have been shown to be involved in H 2 O 2 signal transduction that results in the regulation of various cellular processes (Nguyen et al., 2004; Bouallegue et al., 2009; Palomeque et al., 2009 ).
These findings let us investigate whether CCaMK is involved in the ABA signaling leading to the up-regulation of antioxidant defense systems in plants. Here, we show that rice CCaMK, OsDMI3, is required for ABA-induced antioxidant defense and oxidative stress tolerance in leaves of rice plants exposed to water stress. These results identify a novel function of CCaMK in plants.
RESuLTS

ABA, H 2 O 2 , and PEG Induce the Expression of OsDMI3 and the Activity of OsDMI3 in Rice Leaves
To investigate the effects of ABA, H 2 O 2 , and polyethylene glycol (PEG) on the induction of OsDMI3 gene in leaves of rice seedlings, relative quantitative real-time PCR analysis was performed on total RNA isolated from rice plants treated with 100 µM ABA, 10 mM H 2 O 2 , and 10% PEG. All these treatments induced a rapid increase in the expression of OsDMI3 ( Figure 1A ). Treatments with ABA and H 2 O 2 induced a biphasic response, in which the first peak occurred after 15 min (H 2 O 2 treatment) or 30 min (ABA treatment) of treatments, and the second peak appeared within 240 min of treatments, in the expression of OsDMI3 ( Figure 1A ). However, PEG treatment only induced a peak appeared after 60 min of PEG treatment.
To investigate the effects of ABA, H 2 O 2 , and PEG on the activation of OsDMI3 in leaves of rice plants, immunoprecipitation, and in-gel kinase assay were carried out on protein extracts from the leaves of rice seedlings treated by ABA, H 2 O 2 , and PEG, using OsDMI3 antibody raised against the C-terminal peptide, histone S-III as a substrate. Treatments with ABA, H 2 O 2 , and PEG also caused a rapid increase in the activity of OsDMI3 in rice leaves ( Figure 1B) , and a similar change pattern between the activity of OsDMI3 and the expression of OsDMI3 ( Figure 1B ) was observed in leaves of rice plants exposed to ABA, H 2 O 2 , and PEG.
To prove the specificity of the antibody, immunoprecipitations with or without peptide competitors were carried out and immune complexes were assayed for kinase activity. Proteins that could phosphorylate histone S-III were precipitated from extracts of leaves of rice plants. The immune complexes were competed out by the peptide used to raise the antibody against the C-terminal region of OsDMI3 but not by the peptide that corresponds to the N-terminal segment of OsDMI3 ( Figure 1C ).
H 2 O 2 Is Required for the ABA-Induced Increases in the Expression and the Activity of OsDMI3 under Water Stress
To determine whether PEG-induced increases in the expression of OsDMI3 and the activity of OsDMI3 are related to the action of endogenous ABA, rice seeds were pretreated by an inhibitor of ABA biosynthesis, fluridone, and then the pretreated plants exposed to PEG treatment. Pretreatment with fluridone blocked the PEG-induced increases in the expression at University of California, Berkeley on December 18, 2012 http://mplant.oxfordjournals.org/ Downloaded from of OsDMI3 and the activity of OsDMI3 in leaves of rice plants exposed to PEG treatment for 1 h, and the effects of fluridone were overcome by the application of 100 µM ABA (Figure 2A and 2B). Pretreatment with fluridone alone had little effect on the expression of OsDMI3 and the activity of OsDMI3 in leaves of rice plants.
To determine whether ABA-induced increases in the expression of OsDMI3 and the activity of OsDMI3 are related to the action of endogenous H 2 O 2 , two ROS manipulators, such as dimethylthiourea (DMTU), a trap for H 2 O 2 , and diphenyleneiodonium chloride (DPI), an inhibitor of NADPH oxidase, which transfers electrons from cytoplasmic NAD(P)H (B) Induction in the activity of OsDMI3 by ABA, H 2 O 2 , and PEG. The plants were treated as described in (A). OsDMI3 was immunoprecipitated from leaves after treatments and the activity of OsDMI3 was measured by immunoprecipitation kinase assay using histone S-III as a substrate.
to O 2 to form O 2 -(thus H 2 O 2 ), were used. Pretreatments with DMTU and DPI substantially reduced the ABA-induced increases in the expression of OsDMI3 and the activity of (A, B) Effect of pretreatment with the ABA biosynthetic inhibitor fluridone on the expression of OsDMI3 (A) and the activity of OsDMI3 (B) in rice leaves exposed to PEG treatment. The fluridone-treated and -untreated seedlings were exposed to 10% PEG treatment for 1 h. 100 μM ABA was added to overcome the effects of fluridone. (C, D) Effects of pretreatments with the ROS manipulators DMTU and DPI on the expression of OsDMI3 (C) and the activity of OsDMI3 (D) in rice leaves exposed to ABA treatment. The rice seedlings were pretreated with 5 mM DMTU and 100 μM DPI for 4 h, and then exposed to 100 μM ABA for 30 min (C) or 60 min (D).Values are means ±SE of three different experiments. Means denoted by the same letter did not significantly differ at P < 0.05 according to Duncan's multiple range test.
OsDMI3 ( Figure 2C and 2D ), but these pretreatments alone did not affect the expression of OsDMI3 and the activity of OsDMI3 in the control leaves, suggesting that H 2 O 2 is required for the ABA-induced up-regulation in the expression and the activity of OsDMI3 in rice leaves.
The Activation of OsDMI3 by ABA Is Dependent on Ca 2+ and CaM
Previous study showed that Ca 2+ and CaM are required for ABA-induced antioxidant defense in maize leaves (Hu et al., 2007) . In order to investigate whether the ABA-induced activation of OsDMI3 is related to the increases in Ca 2+ / CaM, the Ca 2+ chelator ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) and the Ca 2+ channel blocker LaCl 3 , and the CaM antagonist N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide hydrochloride (W7) were used. Pretreatments with these inhibitors almost completely blocked the increase in the activity of OsDMI3 induced by ABA treatment ( Figure 3A ). However, pretreatment with N-(6-aminohexyl)-1-naphthalene sulfonamide hydrochloride (W5), an inactive structural analog of W7, had 2+ inhibitors, CaM antagonists, and CaMK inhibitors on the activity of OsDMI3 in leaves of rice seedlings exposed to ABA treatment. The rice plants were pretreated with 5 mM EGTA, 5 mM LaCl 3 , 300 μM W7, 300 μM W5, 10 µM KN-92, and 10 µM KN-93 for 4 h, and then exposed to 100 μM ABA treatment for 1 h. Plants treated with distilled water under the same conditions served as the control. After treatments, the activity of OsDMI3 was analyzed by immunoprecipitation kinase assay. Values are means ±SE of three different experiments. Means denoted by the same letter did not significantly differ at P < 0.05 according to Duncan's multiple range test. (B) CaCl 2 -induced changes in the activity of OsDMI3 in rice leaves. The rice seedlings were treated with 10 mM CaCl 2 for various times as indicated and the activity of OsDMI3 was analyzed by immunoprecipitation kinase assay. Experiments were repeated at least three times, with similar results.
at University of California, Berkeley on December 18, 2012 http://mplant.oxfordjournals.org/ Downloaded from very little effect on the ABA-induced increase in the activity of OsDMI3. Moreover, treatment with CaCl 2 also induced a rapid increase in the activity of OsDMI3 ( Figure 3B ). These results suggest that Ca 2+ and CaM are required for ABAinduced activation of OsDMI3. Furthermore, 
Subcellular Localization of OsDMI3 in Rice Protoplasts
Previous studies showed that MtDMI3 is located in the nucleus of epidermal root in legumes (Kalo et al., 2005; Smit et al., 2005) . To investigate the intracellular localization of OsDMI3, a reporter gene encoding yellow fluorescent protein (YFP) was fused to OsDMI3 (OsDMI3-YFP), which is driven by the cauliflower mosaic virus 35S promoter (35S:OsDMI3-YFP), and then transformed into rice protoplasts by PEG-calcium-mediated transformation (Yoo et al., 2007) . Localization of the fusion protein under both high and low levels of expression was determined by visualization with confocal laser scanning microscopy (CLSM). It has been suggested that, under the low levels of expression of fusion proteins, the observed localization patterns are not an artifact of extreme overexpression but rather reflect realistic targeting potentials for endogenous enzymes (Dammann et al., 2003) . The images shown here represent the typical distribution of fluorescence in transformed protoplasts. The results showed that OsDMI3-YFP was localized in the nucleus, the cytoplasm, and the plasma membrane ( Figure 4A and 4B). Nuclear location was confirmed by means of 4',6'-diamino-phenylindole (DAPI) staining for DNA (Sakamoto et al., 2004) , and the plasma membrane was labeled with a plasma membrane marker, (Levy et al., 2007; Zelazny et al., 2007) . Treatment with ABA did not change the localization of OsDMI3-YFP in rice protoplasts (data not shown).
To confirm the subcellular localization of OsDMI3, rice protoplasts were transformed with an OsDMI3-YFP fusion construct under the control of the OsDMI3 native promoter (OsDMI3:OsDMI3-YFP). CLSM analysis showed that the fluorescence of OsDMI3-YFP was detected in the nucleus, the cytoplasm, and the plasma membrane ( Figure 4A and 4B), indicating that OsDMI3 is localized in the nucleus, the cytoplasm, and the plasma membrane in rice protoplasts.
OsDMI3 Is Involved in ABA-Induced Antioxidant Defense and Enhances Oxidative Stress Tolerance
To investigate whether OsDMI3 is involved in the ABA-induced antioxidant defense, a transient gene expression analysis (Yoo et al., 2007) and a transient RNA interference (RNAi) analysis in protoplasts (Zhai et al., 2009) , which have been proven to be applicable tools for functional analysis of plant genes Bart et al., 2006; Chen et al., 2006; Yoo et al., 2007; Zhai et al., 2009) , were used for the functional analysis of OsDMI3 in the ABA signaling. Protoplasts transfection with 35S:OsDMI3-YFP plasmid caused a marked increase in the expression of OsDMI3 ( Figure 5A ), but transfection in protoplasts with an in vitro-synthesized double-stranded (ds) RNA against OsDMI3 (RNAi) resulted in a substantial decrease in the expression of OsDMI3 ( Figure 5B ). The activity of OsDMI3 was also increased or decreased in protoplasts transfected with 35S:OsDMI3-YFP plasmid and dsRNA against OsDMI3, respectively ( Figure 5C ). Transient expression of OsDMI3 in protoplasts resulted in a significant increase in the activities of the major antioxidant enzymes SOD and CAT, when compared with those in the protoplasts transfected with the empty vector ( Figure 5E ), but RNAi-mediated silencing of OsDMI3 decreased the activities of SOD and CAT, although the reduction in the activity of CAT was not significant compared with the control ( Figure 5F ). Further, treatment with 10 µM ABA, which was shown to be suitable for the induction in the expression of OsDMI3 (Supplemental Figure 1) , induced significant increases in the activities of OsDMI3 and SOD and CAT in the control protoplasts, and the increases were blocked by the RNAi silencing of OsDMI3 ( Figure 5C and 5F), but ABA treatment further increased the activity of OsDMI3 in the protoplasts expressing transiently OsDMI3 ( Figure 5C ), and also further increased the activities of SOD and CAT ( Figure 5E ). Moreover, the RNAi silencing of OsDMI3 in protoplasts not only reduced the expression of the antioxidant genes SodCc2 (encoding a cytosolic Cu/ Zn-SOD) and CatB (encoding CAT isozyme B) under the control conditions, but also fully blocked the ABA-induced increases in the expression of these antioxidant genes ( Figure 5D ). These results indicate that OsDMI3 is required for ABA-induced increases in the expression and the activities of SOD and CAT.
To further determine the role of OsDMI3 in the antioxidant defense in planta, the rice mutant line NF8513 containing the Tos17 insertion in the OsDMI3 gene in the Nipponbare background were screened as described previously (Chen et al., 2007) , and the homozygous mutant in NF8513 was isolated and used for further analysis. It was shown that Tos17 was inserted into the third intron in NF8513 (Chen et al., 2007;  Figure 6A ). To screen for homozygous mutant, PCR analysis were performed (Chen et al., 2007;  Figure 6B ). Reverse transcription (RT)-PCR analysis using a primer pair designed from exons flanking the insertion sites indicated at University of California, Berkeley on December 18, 2012 http://mplant.oxfordjournals.org/ Downloaded from that the mutant allele was normally expressed in NF8513, but produced a band of a smaller size ( Figure 6C ). The activity of OSDMI3 in the homozygous mutant was undetectable ( Figure 6D ). Treatments with 15% PEG and 100 mM H 2 O 2 resulted in increases in the content of malondialdehyde (MDA) and the percentage of electrolyte leakage, which are indications of uncontrolled ROS production and hence of oxidative stress, in the wild-type ( Figure 7B and 7C) , and the content of MDA and the percentage of electrolyte leakage were further increased in the mutant. Meanwhile, treatments with 15% PEG and 100 mM H 2 O 2 also induced increases in the activities of SOD and CAT in the wild-type ( Figure 7D ), and the increases were significantly reduced in the mutant of OsDMI3. Accordingly, the mutant of OsDMI3 exhibited more sensitivity to water stress induced by 20% PEG for 9 d than the wild-type plants ( Figure 7A ). These results indicate that OsDMI3 is involved in the enhancement of oxidative stress tolerance in rice plants. 
OsDMI3 Mediates the ABA-Induced Production of H 2 O 2
To investigate whether the ABA-activated OsDMI3 also affect the ABA-induced H 2 O 2 production, the protoplasts transfected with dsRNA against OsDMI3 were used and H 2 O 2 production in the protoplasts was monitored using the fluorescent probe 2',7'-dichlorofluorescein diacetate (H 2 DCF-DA). The RNAi silencing of OsDMI3 in the protoplasts not only reduced the H 2 O 2 -mediated fluorescence under the control condition, but also blocked the ABA-induced increase in the fluorescence ( Figure 8A and 8B) . These results suggest that OsDMI3 is required for ABA-induced H 2 O 2 production.
To determine the role of OsDMI3 in ABA-induced H 2 O 2 production, the mutant of OsDMI3 was used and H 2 O 2 production was detected using 3,3-diaminobenzidine (DAB) staining in rice leaves. As shown in Figure 8C , ABA treatment led to a continuous increase in the production of H 2 O 2 in the leaves of wild-type within the 4 h of treatment. A similar increase in the production of H 2 O 2 in the mutant was observed at 1 h of ABA treatment. However, the color no longer deepened in the mutant after 2 h of ABA treatment. These results suggest that the initial H 2 O 2 production induced by ABA is not dependent on the activation of OsDMI3 in leaves of rice plants exposed to ABA treatment, but higher levels of H 2 O 2 accumulation require OsDMI3 activation in the ABA signaling.
To further determine the role of OsDMI3 in the regulation of H 2 O 2 production in ABA signaling, the expression of ROS-producing NADPH oxidase genes (rboh) was analyzed. In rice genome, there are nine rboh genes (OsrbohA~I; Wong et al., 2007) . ABA treatment induced a significant increase in the expression of OsrbohB, OsrbohE, and OsrbohI in rice protoplasts ( Figure 8D ). The RNAi silencing of OsDMI3 in protoplasts not only reduced the expression of these genes under the control conditions, but also fully blocked the ABA-induced increases in the expression of these genes. These data support the idea that OsDMI3 is involved in the regulation of H 2 O 2 synthesis in ABA signaling.
DISCuSSION
In animal cells, multifunctional CaMKs such as CaMKI, II, and IV have been identified and are thought to play pivotal roles in Ca 2+ signaling pathways, such as the regulation of gene transcription, cell survival/cell death (apoptosis), cytoskeletal reorganization, and learning and memory (Ishida et al., 2003; Swulius and Waxham, 2008) . It has been shown that CaMKII, one of the best-characterized CaMKs, is involved in H 2 O 2 signal transduction that results in the regulation of various cellular processes (Nguyen et al., 2004; Bouallegue et al., 2009; Palomeque et al., 2009) . In plants, CCaMKs, which are thought to share the features of animal CaMKII (Ma et al., 2004) and function in a manner analogous to CaMKII (Mitra et al., 2004) , have been shown to be essential for the establishment of symbiotic relationships with bacteria and fungi (Levy et al., 2004; Mitra et al., 2004; Godfroy et al., 2006; Tirichine et al., 2006; Chen et al., 2007; Messinese et al., 2007; Yano et al., 2008; Hayashi et al., 2010) . CCaMKs are also suggested to play a role in mitosis and meiosis (Yang and Poovaiah, 2003) and in abiotic stress responses (Yang et al., 2011) . However, it is unclear whether CCaMKs are involved in oxidative stress responses in plants as CaMKII in animals. Here, we show a novel function of CCaMK in plants. Treatments with PEG and H 2 O 2 induced the expression of OsDMI3 and the activity of OsDMI3 in rice leaves ( Figure 1A and 1B) . Transient expression of OsDMI3 in rice protoplasts increased the activities of the major antioxidant enzymes SOD and CAT detected in the present study, and the RNAi silencing of OsDMI3 in protoplasts decreased the expression of the antioxidant genes SodCc2 and CatB and the activities of SOD and CAT ( Figure 5 ). Although the treatments with higher concentrations of PEG and H 2 O 2 also induced the increases in the activities of SOD and CAT, the Figure 7D) . Accordingly, the oxidative damage was aggravated in the mutant of OsDMI3 exposed to the treatments of higher concentrations of PEG and H 2 O 2 , compared with that in the wild-type ( Figure 7B and 7C) . In phenotype, the mutant of OsDMI3 exhibited more sensitivity to water stress induced by PEG treatment than the wild-type plants ( Figure 7A ). These results indicate that OsDMI3 is required for the oxidative stress tolerance in rice plants exposed to water stress.
ABA, as a stress signal, plays critical roles in the regulation of plant water balance and water stress tolerance under drought, cold, and salt stress conditions (Seki et al., 2007; Cutler et al., 2010; Hubbard et al., 2010) . Accumulating evidence indicate that ABA-enhanced water stress tolerance results, at least in part, from the induction of antioxidant defense systems (Jiang and Zhang, 2002a , 2002b , 2002c . Previous studies have shown that Ca 2+ /CaM is required for ABA-induced up-regulation in the activities of antioxidant enzymes such as SOD, CAT, APX, and GR in leaves of maize plants (Jiang and Zhang, 2003; Hu et al., 2007) . However, it has been suggested that Ca 2+ /CaM do not directly regulate the activities of antioxidant enzymes in the ABA signaling (Guan et al., 2000; Yang and Poovaiah, 2002, 2003; Bouché et al., 2005; Hu et al., 2007) . The mechanism by which Ca 2+ / CaM regulates antioxidant defense in plants is not clear. In the present study, our results showed that ABA treatment induced increases in the expression of OsDMI3 and the activity of OsDMI3 in leaves of rice plants (Figure 1) , and ABA is required for PEG-induced increases in the expression and the activity of OSDMI3 (Figure 2A and 2B) . ABA treatment also caused the increases in the activity of OsDMI3 in rice protoplasts and the expression and the activities of SOD and CAT ( Figure 5 ). In the protoplasts expressing transiently OsDMI3, ABA treatment further enhanced the activities of SOD and CAT. Conversely, ABA treatment failed to induce the increases in the expression and the activities of SOD and CAT in the protoplasts transfected with dsRNA against OsDMI3. In addition, ABA was also not able to induce the increases in the activities of SOD and CAT in the mutant leaves of OsDMI3 (data not shown). These results clearly indicate that OsDMI3 is a critical component (Figure 3) , these results also suggest that Ca 2+ /CaM-mediated up-regulation in the antioxidant defense is mainly through the action of CCaMK activated by Ca 2+ /CaM in the ABA signaling. However, a recent study showed that, in wheat, the expression of TaCCaMK was down-regulated by ABA, NaCl, and PEG treatments in roots (Yang et al., 2011) . Overexpression of TaCCaMK in Arabidopsis reduced ABA sensitivity in seed germination and enhanced seed germination rate under high-salt conditions. These results suggest that TaCCaMK is a negative regulator for ABA signaling that may be involved in abiotic stress responses in wheat. The conclusion seems to be contrary to the conclusion to this study. There exist several explanations for the discrepancy. In the study by Yang et al. (2011) , the expression of TaCCaMK in wheat roots exposed to ABA, NaCl, and PEG treatments was analyzed by a 3-h interval and a transient change in the expression of TaCCaMK within 3 h was not analyzed. Moreover, no CCaMK has been found in the Arabidopsis thaliana genome (Harper et al., 2004; DeFalco et al., 2010) . Overexpression of TaCCaMK in Arabidopsis could interfere with the function of Ca 2+ sensors in Arabidopsis. The phenotypes of transgenic plants that reduced ABA sensitivity in seed germination and enhanced seed germination rate under high-salt conditions might be not from the direct role of TaCCaMK. Another possibility is the difference between the study by Yang et al. (2011) and the present study may be related to the different physiological process. It is also possible that different plant species or organs may have different responses to ABA.
In Medicago trunculata, DMI3 with both C-terminal and N-terminal GFP fusions, driven by the 35S promoter, show strong nuclear localization in epidermal root cells (Kalo et al., 2005) , and a similar localization was observed in root hair cells when the N-terminal GFP fusion was driven by the DMI3 promoter (Smit et al., 2005) . The proteins interacting with DMI3/CCaMK, IPD3/CYCLOPS, and CIP73 have been shown to be located in the nucleus and are DMI3/CCaMK phosphorylation substrates (Messinese et al., 2007; Chen et al., 2008; Yano et al., 2008; Kang et al., 2011) . However, in animal cells, CaMKII has been shown to be located not only in the nucleus, but also in the cytosol (Ishida et al., 2003; Swulius and Waxham, 2008) . In wheat, TaCCaMK has been shown to be located both on the cytoplasm membrane and in the nucleus in the onion epidermis cells (Yang et al., 2011) . In the present study, CLSM analysis showed that the fluorescence of OsDMI3-YFP was detected in the nucleus, the cytoplasm, and the plasma membrane in rice protoplasts that were transformed with an OsDMI3-YFP fusion construct under the control of the 35S promoter or the OsDMI3 promoter, regardless of whether the fusion protein is at high or low levels of expression (Figure 4) . These results indicated that OsDMI3 is located not only in the nucleus, but also in the cytosol and the plasma membrane. These results suggest that OsDMI3 might have multiple target sites in rice.
Although high concentrations of ROS are cytotoxic, lower concentrations of ROS have been demonstrated to be important signal transduction molecules (Miller et al., 2008 (Miller et al., , 2010 Mittler et al., 2011) . In ABA signaling, ROS play an important role in the regulation of stomatal closure, stress survival, and growth processes (Neill et al., 2008; Wang and Song, 2008; Mittler et al., 2011) . Previous studies showed that there exists a crosstalk mechanism between Ca 2+ /CaM and H 2 O 2 in ABA-induced antioxidant defense in maize leaves (Jiang and Zhang, 2003; Hu et al., 2007) . However, it is not clear whether there also exists a crosstalk between CCaMK and H 2 O 2 in ABA signaling. In the present study, H 2 O 2 treatment induced the expression of OsDMI3 and the activity of OsDMI3 in rice leaves ( Figure 1A and 1B) , and pretreatment with H 2 O 2 scavenger or inhibitor substantially reduced the ABA-induced increases in the expression and the activity of OsDMI3 ( Figure 2C and 2D ). These data suggest that H 2 O 2 is required for the ABA-induced up-regulation in the expression and the activity of OsDMI3 in rice leaves. On the other hand, the RNAi silencing of OsDMI3 in rice protoplasts reduced the production of H 2 O 2 under the control condition, and also blocked the ABA-induced increase in the production of H 2 O 2 ( Figure 8B) . Further, the RNAi silencing of OsDMI3 also arrested the ABA-induced up-regulation in the expression of the NADPH oxidase genes, OsrbohB, OsrbohE, and OsrbohI ( Figure 8D ). In Arabidopsis, AtrbohD and AtrbohF have been shown to be major NADPH oxidase catalytic subunits that mediate ABA-induced ROS production in guard cells (Kwak et al., 2003) . Our results indicate that OsDMI3 is also required for ABA-induced H 2 O 2 production and ABA-induced expression of NADPH oxidase genes. Moreover, using the mutant of OsDMI3, a further analysis showed that the ABA-induced increase in the production of H 2 O 2 was blocked only after 2 h of ABA treatment, but was not affected within 1 h of ABA treatment, when compared with those in the wild-type ( Figure 8C ). These results suggest that the initial H 2 O 2 production induced by ABA is not dependent on the activation of OsDMI3 in leaves of rice plants exposed to ABA treatment, but higher levels of H 2 O 2 accumulation require OsDMI3 activation in the ABA signaling. Due to the requirement of H 2 O 2 for the activation of OsDMI3 in ABA signaling, our results also suggest that the OsDMI3-dependent increase in ABA-induced H 2 O 2 production could be an amplification loop in ABA signaling (Figure 9 ). Previous studies showed that there is a positive feedback loop involving NADPH oxidase, H 2 O 2 , and mitogen-activated protein kinase (MAPK) in ABA signaling in maize leaves (Zhang et al., 2006; Lin et al., 2009) . However, it is not clear whether OsDMI3 and MAPK are in the same signaling pathway or different signaling pathways in the ABA-induced H 2 O 2 production. This matter is under investigation in our laboratory.
In conclusion, our data indicate that OsDMI3 is an important component in ABA-induced antioxidant defense in rice. ABA-induced H 2 O 2 production activates OsDMI3, and the activation of OsDMI3 is required for the oxidative stress tolerance in the leaves of rice plants exposed to water stress. The activation of OsDMI3 also enhances H 2 O 2 production, forming a positive amplification loop (Figure 9 ).
METHODS
Plant Materials
The rice (Oryza Sativa) cultivar Nipponbare and the rice mutant line NF8513 were used in this study. NF8513 containing the Tos17 insertion in the OsDMI3 gene in the Nipponbare background was obtained from the Rice Genome Resource Center of the National Institute of Agrobiological Sciences (RGRC-NIAS), Japan. The homozygous mutant of OsDMI3 was screened as described below. In the mutant experiments, Nipponbare was used as wild-type control.
Screening for Homozygous Mutant Lines of OsDMI3
Seeds of the Tos17 insertion lines from RGRC-NIAS were T1 progeny of a primary (T0) heterozygous plant. To distinguish homozygous (-/-), heterozygous (+/-) mutant plants, and wild-type (+/+) plants, Tos17-flanking, Tos17-, and OsDMI3-specific primers were used for PCR analysis. The primers were as follows: Tos17-flanking, CGCAGATTATCCAGCTCCTC; Tos17-specific, GAGAGCATCATCGGTTACATC-TTCTC; OsDMI3-specific, CATCCGCGAAAGATTTGATT. RT-PCR was used to detect the transcripts of OsDMI3 in the wild-type and homozygous NF8513 mutants. RT-PCR was performed using a primer pair designed from exons flanking the insertion sites. Primers were: AAAGTTGTCCGATGACTATGA and GCACAAGCGAAGAGCATC. The allele in NF8513 produced a band of a smaller size due to the deletion of exon 3.
Various Treatments
Plants were grown hydroponically with a nutrient solution in a light chamber at a temperature of 22°C (night) . Previous studies showed the concentrations of ABA, H 2 O 2 , and PEG treatments are suitable for investigating the physiological role of ABA, H 2 O 2 , and water stress in plants Zhang, 2001, 2002c; Zhang et al., 2006; Hu et al., 2007; Huang et al., 2009; Sun et al., 2010) . For the tolerance analysis of the mutant of OsDMI3 and the wild-type to water stress and oxidative stress, the seedlings of the mutant and the wild-type were treated with 15% PEG and 100 mM H 2 O 2 for 24 h. To study the effects of inhibitors or scavengers, the plants were pretreated with 100 μM DPI, 5 mM DMTU, 5 mM LaCl 3 , 5 mM EGTA, 300 μM W-5, 300 μM W-7, 10 μM KN-92, and 10 μM KN-93 for 4 h, and then exposed to 100 μM ABA treatment under the same conditions as described above. In fluridone pretreatment, rice seeds were soaked in 80 μM fluridone for 20 h, then germinated and grown under the same conditions as described above. Seedlings were treated with the nutrient solution alone under the same conditions for the whole period and served as controls for the above. After treatments of rice plants, the leaves were sampled and immediately frozen under liquid N 2 for further analysis.
Protein Extraction and Immunocomplex Kinase Activity Assay
Protein was extracted from rice leaves as described previously (Zhang et al., 2006) . Protein content was determined according to the method of Bradford (1976) with bovine serum albumin as standard.
For immunocomplex kinase assay, protein extract (100 µg) was incubated with anti-OsDMI3 antibody (2 µg; Genscript Biotechnology) in an immunoprecipitation buffer as described previously (Zhang et al., 2006) . Fifteen microliters of a packed volume of protein A-sepharose beads was added and the incubation was continued for another 3 h. The beads were collected by centrifugation at 4000 g for 1 min, washed three times with 1 ml of wash buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF, 10 mM β-glycerophosphate, 2 mg ml -1 aprotinin, 2 mg ml -1 leupeptin, ) and the beads with OsDMI3. The action was stopped by the addition of SDS-PAGE sample loading buffer. Then the sample was boiled for 5 min. After electrophoresis on a 12% SDS-polyacrylamide gel, the phosphorylated substrates were visualized by autoradiography. Relative activation levels of OsDMI3 protein, detected by immunocomplex kinase activity assay and quantificated by Quantity One software (Bio-Rad Laboratories Inc., USA), are presented as values relative to those of the corresponding controls. Values under fluridone treatment are separated from others, for the abundance of OsDMI3 protein is higher under this treatment.
Kinase Activity Assay of Immunocomplexes after Immunoprecipitation
Precipitation was performed in the absence or presence of competitor peptides corresponding to the C-terminal portion (C) or the N-terminal peptide (N) of OsDMI3. Kinase activity was assayed as described above and the phosphorylated histone S-III was visualized by autoradiography.
RNA Preparation and cDNA Synthesis
Total RNA was isolated from leaves using RNAiso Plus (TaKaRa Bio Inc., China) according to the manufacturer's instructions. DNase treatment was included in the isolation step using the RNase-free DNase (TaKaRa Bio Inc., China). Approximately 2 μg of total RNA were reverse-transcribed using oligo d(T) 16 primer and M-MLV reverse transcriptase (TaKaRa Bio Inc., China) at 42°C for 75 min.
Semi-Quantitative RT-PCR Expression Analysis
Total RNA was isolated from rice leaves, and then subjected to RT-PCR amplification; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the control to show the normalization of the templates amount in PCR reactions. The two primers for GAPDH were: forward ACCA-CAAACTGCCTTGCCTTGCTCC and reverse ATGCTCGACCTGCT-GTCACC. The two primers for OsDMI3 were: forward CAAGTT-CTTCAGAGCAGGCAGTC and reverse CAGACAATTCTCCGGC-TTCAGGT.
Real-Time Quantitative RT-PCR Expression Analysis
Real-time quantification RT-PCR reactions were performed in a DNA Engine Opticon 2 real-time PCR detection system (Bio-Rad Laboratories Inc., USA) using the SYBR Premix Ex Taq TM (TaKaRa Bio Inc., China) according to the manufacturer's instructions. cDNA was amplified by PCR using the following primers: OsDMI3, forward TGCTCTTCGCTTGTGCTTCCAGATG and reverse GGTCGAACACCTCGTCCAGCTT; SodCc2, forward CCAGAAGGGAGGAGGAAA and reverse GAGGGAGTAGGTAA-CCGAGAT; CatB, forward AATATGCCTTGCTGTGTCT and reverse TTGTTCGTTCCAGTCTCTAA; OsrbohB, forward TGCTC-TTTGTCCATGGAACGTG and reverse ACAGCGAGGTACATCCA-TGTCG; OsrbohE, forward TGGTCTTGGAATTGGTGCTACTCC and reverse ACCATGTATGCTTTCCACCTCTTC; OsrbohI, forward ACTACGTCAGCGTCCACATCAG and reverse GCAGACCCTTGA-GAAGACGTTC; Osactin, forward CTTCATAGGAATGGAAGCTG-CGGGTA and reverse CGACCACCTTGATCTTCATGCTGCTA. To standardize the data, the ratio of the absolute transcript level of the target genes to the absolute transcript level of Osactin was calculated for each sample. The relative expression levels of the target genes were calculated as γ-fold changes relative to the appropriate control experiment for the different chemical treatments.
Plasmids
Full-length cDNA fragment was amplified with the KpnI sites and then cloned between the CaMV35S promoter and YFP of the pXZP008 vector. The primer pairs were: 5'-GGTACCGATAATGTCCAAGACTGAG-3' and 5'-GGTACCCGC-TGTGGGCGGAGGGAGGA-3'. For the OsDMI3 native promoter, the 35S promoter was exchanged with the OsDMI3 promoter using HindIII and BamHI in the pXZP008 vector. The OsDMI3 promoter was amplified from genomic DNA. The primer pairs were: 5'-AAGCTTAGTGTGTTGGTTTTTTATGTTTG-3' and 5'-GGATCCCTTTACGATTCTTCTGTATTTGC-3'.
In Vitro Synthesis of DsRNA DNA templates were produced by PCR using primers containing the T7 promoter sequence (5'-TTAATACGACTCAC TATAGGGAGG-3') on both 5' and 3'ends. The primers used to amplify DNA of OsDMI3 were: 5'-GCGTTAATACGACTCACTAT AGGGAGGTTGCGCCACATCCTAATG-3' and 5'-GCGTTAATACGAC TCACTATAGGGAGGTTGGGTCACTGAAATCTTCG-3'. The PCR conditions were as follows: denaturing step at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 30 s and a final extension at 72°C for 10 min. After PCR product clean-up, the DNA templates were used for in vitro synthesis of dsRNAs using the Ribomax Express kit (Promega). The dsRNAs were purified by phenol-chloroform-isopropanol extraction, dissolved in RNase-free water, and quantified by UV spectrophotometry.
Protoplast Isolation
Rice plants were grown in the dark at 26°C for ~7 d. When plants were ~4-8 inches tall, the protoplasts from the leaf and stem tissue were isolated according to the method described by Bart et al. (2006) .
Transfection of Protoplasts with Plasmid DNA or DsRNAs
About 10 µg plasmid DNA or dsRNAs per 100 μl × 10 6 protoplasts were used for transient expression analysis. The DNA or dsRNAs and protoplasts mixtures was added to 40% PEG solution (40% PEG 4000, 0.4 mM mannitol and 100 mM Ca(NO 3 ) 2 , adjusted to pH 7.0 with 1 M KOH), mixed gently, and incubated for 20 min at room temperature in the dark. Protoplasts were washed by 440 μl W5 solution, incubated in W5 medium containing 0.1% (w/v) glucose in the dark overnight.
Subcellular Localization of OsDMI3
The protoplasts expressing the OsDMI3-YFP fusion protein after 16-h incubation were observed using a laser confocal microscope (TCS-SP2, Leica, Bensheim, Germany), with excitation at 530 nm and emission at 525 nm. For the nuclear staining, DAPI (1 µg µl -1 ) was added to the culture medium and incubated for 1 h. For the plasma membrane staining, FM4-64 (5 µg µl ) was added to the culture medium and incubated for 30 min. FM4-64 fluorescence was observed in microscope using RFP filter, with excitation at 543 nm and emission at 580 nm.
Enzyme Assays
Protoplasts were homogenized in a solution of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 1% polyvinylpyrrolidone. The homogenate was centrifuged at 12 000 g for 20 min at 4°C and the supernatant was immediately used for the antioxidant enzyme assays. The total activities of SOD and CAT were determined as described previously (Jiang and Zhang, 2001 ).
